ABSTRACT The crested auklet, Aethia cristatella, emits a class of aldehydes shown to be potent invertebrate repellents when used by heteropterans against their predators. Our aim was to determine the efÞcacy of these aldehydes against mosquitoes in the laboratory. Synthetic analogues of the auklet odorant were strongly repellent to mosquitoes in controlled laboratory trials. Furthermore, the efÞcacy was similar to previous reports for commercial mosquito repellents. These results, in combination with a previously published study, show that constituents of the aldehyde odorant are broad spectrum in efÞcacy against ectoparasitic arthropods of birds. Our report is the Þrst empirical evidence for an endogenous mosquito repellent in birds.
AVIAN CHEMICAL DEFENSE HAS been discussed in the context of ectoparasites (Simmons 1966 , Ehrlich et al. 1986 , Clayton and Vernon 1993 , Dumbacher 1999 ; but, heretofore no published experiments have speciÞcally addressed mosquitoes. We suggest that birds may use endogenous or exogenous chemicals to repel mosquitoes and other ectoparasites in a manner analogous to human and nonhuman primates (Berenbaum 1995 , Valderramma et al. 2000 , Weldon et al. 2003 . Synthetic and botanically based repellents are widely used by humans against mosquitoes and other ectoparasites. Some of these products are broadly effective against ectoparasites as a group. The commercial market for such products apparently exploits human behaviors that have ancient origins (Smith and Secoy 1975 , 1983 Hillocks 1998) . Nonhuman primates are reported to self-anoint with naturally occurring repellents effective against mosquitoes (Valderramma et al. 2000 , Weldon et al. 2003 . Similar behaviors have been widely reported in birds where some species apply naturally occurring chemical repellents to their plumage and nests (e.g., crushed ants, citrus peel, marigold ßowers, and volatile green plants) as possible defenses against lice, mites, bacteria, and fungi (Ehrlich et al. 1986 , Clark and Mason 1985 , Clark and Mason 1988 , Clayton and Vernon 1993 , Moyer and Clayton 2003 . Observations of endogenous chemical defense in birds are exceedingly rare; the pitohuis and Ifrita kowaldi of New Guinea are the best known examples (Dumbacher et al. 1992 (Dumbacher et al. , 2000 Dumbacher 1999) . The pitohuis emit a sour odor, possibly as an olfactory signal of poison, analogous to their aposematic coloration (Dumbacher et al. 1992) . Some other avian species also emit odors, and it has been suggested that these odors also may be indicative of chemical defense (Weldon and Rappole 1997) .
Crested auklets, Aethia cristatella, are small planktivorous seabirds of the North PaciÞc that emit a noticeable chemical odorant during the breeding season (MayÐAugust, depending upon latitude). The dominant constituents of this odorant are octanal and hexanal (Douglas et al. 2001 (Douglas et al. , 2004 . These compounds also found in the metasternal gland emissions of heteropterans (Blum 1981) . Heteropteran secretions containing octanal and hexanal are potent invertebrate repellents (Aldrich 1988) , and the compounds have similar effects upon ectoparasites. For example, synthetic analogues of the crested auklet odorant are strongly repellent to ticks, and a single microliter applied to a feather kills lice within seconds (Douglas et al. 2004 ). However, life span was not reduced in avian lice suspended above crested auklet feathers, relative to controls . Nevertheless brief exposure of lice to nicks in the skin of a freshly killed crested auklet instantly killed or paralyzed lice, suggesting that the auklet odorant may at least have an inhibitory effect upon lice at natural concentrations in plumage .
In the research reported here, we tested the efÞcacy of the crested aukletÕs odorant against mosquitoes. It was noted (H.D.) that mosquitoes attempt to parasitize auklets at St. Lawrence Island, Alaska. Some of the auklet colonies on this island occur in large rock talus Þelds, surrounded by moist tundra, and the proximity apparently provides a suitable habitat for mosquitoes. We tested the hypothesis that constituents of the crested aukletÕs odorant repel mosquitoes. We herein show that a synthetic analogue of the odorant was strongly repellent to mosquitoes in standardized laboratory trials.
Materials and Methods
Mosquito repellency trials with laboratory-reared and maintained Aedes aegypti (L.) (Vero Beach strain) female mosquitoes were conducted from 24 to 28 February 2002 at the Florida Medical Entomology Laboratory, Vero Beach, FL. This species was selected as the test mosquito because it is an extremely aggressive biter, is active during the day, and readily blood feeds on a variety of hosts, including humans, in the laboratory. This makes Ae. aegypti an ideal candidate for repellency trials. Mosquitoes were exposed 10 at a time to synthetic constituents of the crested aukletÕs aldehyde odorant in 30 by 23 by 22-cm test cages maintained under natural light, temperature, and humidity. Test mosquitoes were discarded after each experimental trial and replaced with 10 new females that had not been previously exposed to test solutions.
In each trial, a small amount of substance (0.6 Ð 0.8 ml) was added to a circular Þlter paper 9 cm in diameter (Qualitative 2, Whatman, Maidstone, United Kingdom). The chemicals were allowed to volatilize until the paper was dry (5Ð 8 min). The Þlter paper was then laid on top of two untreated Þlter papers and attached to the bare skin on the back of H.D.sÕ hand with a rubber band. The rubber band was wrapped around a closed Þst so that the Þlter paper completely covered the back of the hand. We used the intensity of mosquito host-seeking behavior and mosquito landings on the treated Þlter paper as an index of repellency where repellent chemicals caused female mosquitoes to suspend their search for blood (Fradin 1998) . To quantify repellency, we counted the number of times mosquitoes alighted on a hand treated with auklet odorant diluted in ethanol compared with a hand treated with pure ethanol. Counts were made within consecutive 15-s periods during a 5-min observation period. For each trial the hand was gently placed into a mosquito test cage used for repellent testing in the laboratory (Fradin and Day 2002) . During repellency experiments, the treated hand was rested on the ßoor of the cage so that the Þlter paper covering the back of the hand was the main exposed target. After alighting mosquitoes were lightly shaken off and were not permitted to blood feed. Every 15 s, the hand was rolled over to search for and dislodge mosquitoes that might have landed on the underside. Female mosquitoes were exposed to an untreated hand before daily experiments to verify their willingness to blood feed.
Four repellency experiments were conducted with synthetic constituents of the crested aukletÕs odorant. In experiment 1, individual odor constituents (hexanal, octanal, Z-4 decenal, and hexanoic acid) were diluted to Ϸ90% concentration (9 parts active ingredient:1 part ethanol), and the intensities of mosquito attacks were compared with an ethanol control (100% purity). This was approximately the same or slightly lower purity than odor production in crested auklets (e.g., crested auklets produce Ͼ92% pure octanal; Douglas et al. 2001) . The results of experiment 1 were analyzed using an independent measures t-test. Experiment 2 exposed mosquitoes to a synthetic blend of the auklet odorant in its natural composition (40% octanal, 21% hexanal, 8% Z-4 decenal, 8% hexanoic acid, 3.5% decanal, and 3.5% octanoic acid; Douglas et al. 2001 Douglas et al. , 2004 . This was performed at three concentrations (1, 10, and 100%) and the results were graphed in a doseÐresponse curve. Experiment 3 compared repellency of a single ingredient, octanal, versus the combined blend at 2.5% concentration, to test for synergistic properties of the blend. Experiment 4 compared the repellency of a carboxylic acid (hexanoic acid) versus the corresponding aldehyde (hexanal) at 2.0% concentration.
2 analyses were applied to the results of experiments 2Ð 4 (ProStat version 3).
We used the following synthetic chemicals in these experiments: hexanal 96% (C.A.S. 66-25-1), octanal 99% (C.A.S. 124-13-0), decanal 95% (C.A.S. 112-31-2), hexanoic acid 99ϩ% (C.A.S. 142-62-1), octanoic acid 99% (C.A.S. 124-07-2) by ACROS Organics (Pittsburgh, PA) and Z-4 decenal 95% (C.A.S. 21662-09-9) by Lancaster Synthesis (Windham, NH). These constituents were presented individually and combined in a mixture at different dose levels. Ethanol 100% (C.A.S. 64-17-5) was used as a solvent for diluting the odorant constituents. Ethanol also served as the control treatment. It is important to note that octanal is often confused with various chemical forms of eightcarbon alcohols, such as octenol. Octanal is an eightcarbon aldehyde with repellent properties, whereas octenol is an eight-carbon alcohol that is a strong attractant for many biting arthropod species (Kline 1994) .
Results
In experiment 1, auklet odorant constituents were more repellent to mosquitoes than was the ethanol control (Table 1) . Mosquitoes avoided the Þlter paper in experimental treatments. Those few mosquitoes that did land, alighted on exposed skin. Mosquitoes did not exhibit the same avoidance to identical Þlter papers treated with ethanol. Instead, many more mosquitoes landed on the control treatment. The mean number of mosquito landings per 15-s interval was 0.2 Ϯ 0.09 (20 intervals) for the hexanal treatment The intensity of mosquito attacks increased in experiment 2 when the dose level of the auklet odorant was reduced from 10 to 1% concentration ( Fig. 1; 2 ϭ 10.0, df ϭ 2, P ϭ 0.006), but there was no signiÞcant difference between 10 and 100% concentrations ( 2 ϭ 0.07, df ϭ 2, P ϭ 0.97). There were no signiÞcant differences for treatments in experiments 3 and 4. Octanal was not more repellent than the aldehyde mixture ( 2 ϭ 0.94, df ϭ 3, P ϭ 0.82) in experiment 3 (Table 2 ). In experiment 4, the mosquito landing response to 2.0% hexanal and hexanoic acid was equivalent (0.15Ð 0.75 versus 0.15Ð 0.70, respectively; 2 ϭ 0.08, df ϭ 2, P ϭ 0.84). Ethanol control experiments conducted at the beginning and end of these experiments conÞrmed that mosquito attack response was equivalent through the course of this research [t(19) 1-tailed ϭ 1.20, P Ͻ 0.122]. Mosquitoes attacked the ethanol control more strongly than all experimental treatments, including the 1% crested auklet aldehyde blend [4.22 Ϯ 0.38; t(78) 2-tailed ϭ 5.03, P Ͻ 0.001; Tables 1 and 2 ).
Discussion
The aldehyde odorant of the crested auklet has characteristics similar to those reported for commercial mosquito repellents in comparable laboratory tests (Fradin and Day 2002) . Test mosquitoes ceased to ßy after brief exposure to a synthetic analogue of the crested auklet odorant and soon became inactive on the sides of the cage. This behavior also was observed in test mosquitoes in a similar research design used to evaluate commercial repellents containing N,N diethyl-meta-toluamide (DEET) as the active ingredient (Fradin and Day 2002) . Wild crested auklets emit nearly pure aldehydes in nature (Douglas et al. 2001) , and the odor of one bird smells at least as strong as the low doses used in experiments 2Ð 4 (H.D., personal observation). In previous bioassay trials, we noted that low concentrations of the auklet odorants, such as commercial repellents (e.g., DEET), were strongly repellent to ticks (Douglas et al. 2004 ), but efÞcacy of the auklet odorant began to wane 1 h after application. This transience of repellent efÞcacy also has been observed in experiments using DEET with ticks (1% active ingredient, Ixodes ricinus (Linne, 1758); Dautel et al. 1999 ) and mosquitoes (5Ð7% active ingredient, Ae. aegypti; Fradin and Day 2002) .
Evolution of the crested auklet odorant may be linked to arthropod avoidance. Ectoparasite avoidance in nature directly beneÞts individual Þtness of vertebrates because ectoparasites can transmit diseases and also can impose a blood-feeding burden on hosts (Cotgreave and Clayton 1994) . Even in marine environments, ectoparasite infestations of seabird colonies have been associated with disease, mortality, breeding failures, mass abandonment of colonies, reduced reproductive success, and reduced growth rates in chicks (Feare 1976 , Duffy 1983 , Anderson and Fortner 1988 , Ramos et al. 2001 , Moyer and Clayton 2003 . The chemical repellency of the auklet aldehyde blend may, at the very least, interfere with the hostÐparasite interface, thereby reducing the frequency and annoyance of blood feeding by ectoparasites and the resulting probability of disease transmission. Chemical constituents of the crested aukletÕs odorant seem to have broad-spectrum efÞcacy against ectoparasitic arthropods. Parasites vary in their geographical and temporal distribution and effects Moore 1997, Moore 2002) . So a chemical defense that is effective against more than one parasite may be more successful in evolutionary terms.
The crested aukletÕs odorant is similar to naturally occurring substances that birds apply to their plumage and nests. Similar defensive chemicals are found in arthropods and plants (Eisner 1970) , and terrestrial birds use both arthropods and plants as natural prophylactics to anoint their plumage. Many bird species crush and rub ants through their plumage, thereby obtaining corrosive chemicals from the ant secretions (Simmons 1966 , Ehrlich et al. 1986 , Clayton and Vernon 1993 . Birds also are known to rub plant materials through their plumage, including citrus fruit, apparently as a defense against lice (Clayton and Vernon 1993). Constituents of the crested auklet odorant are corrosive chemicals. Some of these same chemicals are present in the outer rind of citrus fruit (Morton 1987) and the metasternal gland emissions of heteropterans (Aldrich 1988) where they are thought to have defensive functions (Morton 1987 , Aldrich 1988 . Birds exhibit behavioral defenses in response to mosquito biting pressure (Edman et al. 1974, Scott and Edman 1991) ; however, endogenous avian chemical defenses against mosquitoes have not been previously demonstrated. Evidence from primates suggests that some self anointment behaviors of birds might be effective against mosquitoes. Capuchin monkeys (Cebus spp.) anoint themselves with millipedes ostensibly for beneÞts of mosquito repellency (Valderramma et al. 2000 , Weldon et al. 2003 . A similar anointing behavior with millipedes has been noted in birds (Clunie 1976) . Reports of these types of behavior, termed "anting," are particularly prevalent during warm weather and high humidity (Ehrlich et al. 1986) , conditions that support blood-feeding by mosquitoes. We suggest these behaviors could be explored as behavioral sequestration of exogenous chemical defenses, and such explorations may yield new natural products with repellent properties.
